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THE MANUFACTURE OF 
VIBRATORILY COMPACTED FUEL ELEMENTS 

FOR DOPPLER-COEFFICIENT MEASUREMENTS 

by 

J. E. Ayer, C. F. Konicek, 
F . E. Soppet, and E. J. Petkus 

ABSTRACT 

The procedures that are used to manufacture and a s 
semble vibratori ly compacted oxide fuels containing pluto
nium, depleted uranium, and uranium-233 mater ia ls are 
described. Thirty-two acceptable, low-density, fuel rods 
were made with loadings of 100% PuOi, 100% "^VOz, and 
various blends of UO^-PuOj. The granules for loading 
were prepared by tableting the respective oxide powder, 
granulating, firing, and sieving for the proper size range. 
Over 21 kg of dense, sintered granules were then loaded 
into the elements by vibratory compaction to densities rang
ing from 50.8 to 57.8% of theoretical. Fourteen elements 
were 1/2 in. in diameter and 18 were 1 in. in diameter; the 
jackets of six elements were made of Invar and the remain
ing 26 were Inconel. 

During in-pile testing, the eleVnents are to be heated 
by res is tance wire that is wrapped around the element. The 
longitudinal expansion of the elements during heating is ac 
commodated by either a sliding seal or by spring loading 
on the exterior of the elennent. Eight of the elements have 
a sliding seal, whereas the remaining 24 are spring loaded. 

INTRODUCTION 

Low-density fuel bodies that are required for Doppler-effect experi
ments in ZPR-3 were previously produced from pellets of glass-bonded 
granules of fissionable mate r i a l . ' The silicate glass-bonding mater ia l 
maintained voids between the granules and fixed the part icles in place. The 
fuel elements described herein were loaded by vibratory compaction. Vi
bratory connpaction was chosen for simplicity of process and because the 
vibratori ly compacted columns, unlike those fornned from pellets, can be 
regenerated after use. Pre l iminary investigations showed that the desired 





l o w - d e n s i t y fuel body could be ob ta ined by us ing a s i n g l e - c o m p o n e n t s y s 
t e m of p a r t i c l e s i z e r a n g e f r o m 50 to 100 m e s h . Th i s s i z e r a n g e y i e ld s an 
a v e r a g e pack ing ef f ic iency of about 58% for rounded p a r t i c l e s . 

DESCRIPTION O F T H E F U E L E L E M E N T 

The Dopp le r fuel e l e m e n t s c o n s i s t e d of f r ee ly expanding e l e m e n t s . 
Two b a s i c d e s i g n s w e r e u s e d for a c c o m m o d a t i n g long i tud ina l expans ion , a s 
shown in F i g . 1. One type expanded a g a i n s t an Incone l s p r i n g ( s p r i n g 
loaded e l e m e n t ) ; in the o t h e r des ign , expans ion was a c c o m m o d a t e d by a 
s l id ing s e a l and a b e l l o w s s e c o n d a r y s e a l ( s l id ing s e a l e l e m e n t ) . T h e r e 
w e r e s i x Inva r e l e m e n t s , the r e m a i n d e r be ing of Incone l . Six spec innens 
had a 0 .041- in . wa l l and con ta ined a 0 . 4 0 0 - i n . - t h i c k s i n t e r e d d i sk , w h e r e a s 
the r e m a i n d e r had a 0 .0195- in . wa l l and a 0 . 0 7 0 - i n . - t h i c k s i n t e r e d d i sk . 

Spring Heater Wire 

Spring Loaded Element 

Bellows lea l? "==«*̂ '- '̂ i'-'-

Thermocouple 
Well 

Sliding Seal Element 

.350-1087 
Fig. 1. Expansion Accommodation in Doppler Elements 





All of the e lennents w e r e loaded wi th a 12- in . v i b r a t o r i l y c o m p a c t e d ox ide -
fuel c o l u m n . A s l id ing s e a l e l e m e n t in loading condi t ion is shown in 
F i g . 2. The top end cap s i t s d i r e c t l y on the c o l u m n of p a r t i c l e s and is 
we lded into p l a c e . 

350-895 

Fig. 2. Exploded View of Sliding Seal Doppler Element 

After load ing , the c a p s u l e s a r e s p i r a l l y wound with a m i n e r a l -
i n s u l a t e d , I n c o n e l - s h e a t h hea t ing e l e m e n t . The hea t ing e l e m e n t is fixed to 
the c a p s u l e by b r a z i n g . The hea t ing e l e m e n t s a r e u s e d to c o n t r o l the t e m 
p e r a t u r e of the fuel b o d i e s du r ing Dopple r e x p e r i m e n t s . The t e n n p e r a t u r e 
of the fuel b o d i e s i s s e n s e d t h r o u g h a c o a x i a l t h e r m o c o u p l e - p r o t e c t i o n tube 
that e x t e n d s f r o m one end of the c a p s u l e to wi th in 0.67 in. of the oppos i t e 
end. A I - i n . - d i a s l id ing s e a l e l e m e n t i s shown in F ig . 2. Dur ing hea t i ng , 
a l l c o m p o n e n t s of th i s fuel e l e m e n t tend to eJtpand. To obvia te c o r r e c t i o n 
due to c h a n g e s in f u e l - c o l u m n length du r ing hea t ing , the ends of the e l e 
m e n t s a r e c o n s t r a i n e d to a fixed length . The be l lows in the s l id ing s e a l 
e l e m e n t p e r m i t the j a c k e t to expand long i tud ina l ly whi le the fuel l eng th is 
he ld c o n s t a n t . 

P A R T I C L E - M A N U F A C T U R I N G P R O C E D U R E 
AND F U E L - E L E M E N T LOADING 

The m a n u f a c t u r e of the p a r t i c l e s , t o g e t h e r with the load ing , we ld ing , 
and d e c o n t a m i n a t i o n of the Dopple r fuel e l e m e n t s , w e r e c a r r i e d out in the 
h e l i u m - a t m o s p h e r e g loveboxes of the ANL P l u t o n i u m F a b r i c a t i o n F a c i l i t y . 
T h r e e t ypes of p a r t i c u l a t e m a t e r i a l s w e r e p r e p a r e d : 100% PUO2, b l e n d s of 
PuOz wi th dep l e t ed UO^, and 100% " ^ U O j . 

The P u O j input to the f a b r i c a t i o n c o n s i s t e d of e ight lo ts of m a t e r i a l 
p r e p a r e d by c a l c i n a t i o n of oxa l a t e by I s o c h e m , Inc . , R ich land , Wash. E a c h 
lot was a n a l y z e d by the v e n d o r for p lu ton ium conten t , f l ou r ine , c h l o r i n e . 





uranium, and carbon. Spectrographic and isotopic analyses were also pro
vided by the vendor. Check analyses were made at ANL, and the resul ts 
of ANL and vendor analyses a re as follows: 

Chemical 

Pu 
Pu 
O2 
Cl 
F 
U 
C 

c 
" ' P u 

"°Pu 

" ' P u 

"^Pu 

Assay 

wt % 
wt % 
wt % 
p p m 
p p m 
p p m 
p p m 
p p m 
wt % 

wt % 

wt % 

wt % 

X 

86.48 
87.58 
12.39 

< 1 0 
< 10 
108 
517 

2500 
85.944 
85.916 
11.470 
11.497 

2.405 
2.400 
0.181 
0,187 

n 

19 
25 
16 
25 
25 
25 
25 

2 
13 

3 
13 

3 
13 

3 
13 

3 

a 

0.64 
0.29 
0.22 

-
-
-
-
-

0.201 
0.148 
0.183 
0.097 
0.047 
0.055 
0.006 
0.006 

Analyst 

ANL 
Isochem 
ANL 
Isochem 
Isochem 
Isochem 
Isochem 
ANL 
Isochem 
A N L 
Isochem 
ANL 
Isochem 
ANL 
Isochem 
ANL 

The UO2 starting mater ia l for the fabrication of Doppler elements 
was obtained from Oak Ridge National Laboratory. Chemical assay and 
isotopic analyses by ORNL and check analyses by ANL were as follows: 

Analysis 

Uranium 
Uranium 

233u 

"^U 
234u 
234^ 
235u 
235^ 

"'u 
236u 
238u 

"»u 

X (wt %) 

86.97 
87.68 
98.33 
98.29 

1.203 
1.218 
0.046 
0.046 
0.0038 
0.003 
0.423 
0.437 

n 

7 
2 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 

. a 

1.20 

Analyst 

ORNL 
A N L 
ORNL 
ANL 
ORNL 
ANL 
ORNL 
A N L 
ORNL 
A N L 
ORNL 
A N L 

The blends of oxide were made from the above plutonia and depleted 
uranium oxide supplied by Kerr-McGee Oil Industries, Inc. (Lot 4176-D-l ) . 
The chemical analysis on the depleted urania and a typical isotopic analysis 
for depleted uranium is shown below: 





Analysis VI % Ratio 

Uranium 
o/u 
" * U 
235u 

236^ 

87.46 

0.0014 
0.2089 
0.0058 

99.80 

2.13 

Beyond the b lend ing p r o c e d u r e for the m i x t u r e of m a t e r i a l s and the 
s p e c i a l sh i e ld ing p r e c a u t i o n s for the ^^^U02 m a t e r i a l s , the p a r t i c l e m a n u 
fac tu r ing p r o c e d u r e s w e r e i d e n t i c a l and a s shown in F i g . 3. B r i e f l y , the 

Introduce Oxide 
Into Hood Line 

Granulate 

5 Screen 

Analytical 
.Samples 

WeiRh and Load 
Into Crucible 

Weigh and Screen 

Analytical 
Samples 

Fuel Tiibe 

Load 

350-1088 

Fig. 3 . Flow Diagram of Fabrication of Fuel 

for Dopplcr -e lemcnt Manufacture 





blending procedure consisted of (1) weighing proper proportions of PUO2 
and depleted UO2, based upon metal analyses, and (2) mixing in a vaned 
tumbler for 24 hr pr ior to sampling and processing. The special shield
ing precautions for the production of ^^^U02 granules a re described in a 
separate section of this report . No milling of the mater ia ls was required 
because of their fineness. 

Batches of the powdered mater ia ls weighing about 20 g were pressed 
into l .O-in.-dia tablets at a p re s su re of 15,000 psi. This produced tablets 
about 0.8 cm thick at about 44% of theoretical density. The tablets were 
then granulated and classified by pushing them through a 40-mesh screen 
(420-^ opening) and collecting the part ic les on an 80-mesh screen (171 -fl 
opening). Samples were then taken for oxygen and metal analyses in antici
pation of determining changes caused by sintering. 

Batches of granulated mater ia l weighing 1 kg were loaded into 
yt t r ia-s tabl ized zirconia crucibles and fired for about 1 hr at 1650°C under 
a helium atmosphere of 20-25 in. Hg absolute p re s su re . The lightly caked 
sintered mater ia l was removed from the crucible and pressed through a 
50-mesh {Z97- jd opening! screen and collected on a 100-mesh (149-/Li opening) 
screen. The reduction of the screen opening sizes (between granulation of 
unfired and fired part ic les) compensated for shrinkage during sintering. 
About 6% of the sintered mater ia l passed through the 100-mesh screen and 
was not used. The density of the sintered mater ia l was determined by 
pycnometry using bromobenzene. The sintered and screened mater ia l was 
sampled for oxygen and metal analyses to determine furnace losses and to 
character ize the par t ic les . 

Fuel- rod assembly was begun by weldilig the bottom cap in the fuel 
tube. During loading of the fuel mater ia l , it was important to prevent alpha 
contamination of the outside of the fuel specimen. To prevent contamination, 
the fuel element, except for the upper 3/4 in., was enclosed in shrinkable 
plastic tubing. Teflon tape was wrapped around the upper exposed end and 
this end was clamped into a loading fixture. An element ready for loading 
is shown in Fig. 4. A Nichrome wire was used to cut the plastic tubing for 
its removal upon completion of part icle loading. 

The part ic les were loaded through a plastic funnel to the desired 
height in the fuel tube. The vibrator was run at a force of 2.5 g at 60 Hz 
for periods of 3 min; par t ic les were added until settling ceased. Usually, a 
total vibration time of 1 5 min was sufficient to complete the loading. The 
capsule was then carefully cleaned on the top 1/4 in. of the inside diameter 
of the fuel tube. The outside of the Teflon tape and plastic tubing was also 
cleaned; finally, all the tape and plastic tubing was removed. The end cap 
was taped in place, and any loose alpha activity was cleaned fronn the out
side of the fuel tube. 
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The top end cap was welded in 
p l a c e , and the e l e m e n t s w e r e t e s t e d for 
l eak t i g h t n e s s . All of the e l e m e n t s w e r e 
l eak t e s t e d by e v a c u a t i o n to 5 p s i t h r o u g h 
the c a p i l l a r y tube and m o n i t o r i n g for a 
p r e s s u r e r i s e . If no p r e s s u r e r i s e o c 
c u r r e d , the e l e m e n t s w e r e c o n s i d e r e d 
s a t i s f a c t o r y and the c a p i l l a r y tube was 
p inched shut ; the e x c e s s tubing was 
t r i m m e d off, and the t r i m m e d end was 
fused shut . F i n a l l y , the e l e m e n t s w e r e 
l eak c h e c k e d by h e l i u m m a s s s p e c t r o m 
e t r y by i n s e r t i n g the e n t i r e e l e m e n t into 
a v a c u u m c h a m b e r a t r o o m t e m p e r a t u r e . 
All e l e m e n t s w e r e a c c e p t a b l e and showed 
a l eak r a t e , a t the l i m i t of de t ec t ion , of 
l e s s than 3.7 x 10"^ s td c c / s e c of h e l i u m 
with an e x t e r i o r p r e s s u r e of l e s s than 
10"^ m m Hg. 

The fuel r o d s w e r e then checked 
for a lpha c o n t a m i n a t i o n and c l eaned 
unt i l the loose ac t iv i ty was l e s s than 
10 d i s i n t e g r a t i o n s / m i n and fixed ac t i v i t y 
l e s s than 600 d i s i n t e g r a t i o n s / m i n . C l e a n 
ing was g e n e r a l l y done with d r y w i p e s , but 
o c c a s i o n a l l y l ight a b r a s i o n of a weld with 
an e l e c t r i c a l l y o p e r a t e d r u b b e r e r a s e r 

w a s r e q u i r e d . Upon c o m p l e t i o n of c l ean ing , t t e fuel r o d s w e r e a c c u m u l a t e d 
in s t o r a g e pending the h e a t e r w i r e - w r a p p i n g o p e r a t i o n . 

350-896 
Fig. 4. Doppler Element in Loading Fixture 

FABRICATION O F ' U O , 

The m a j o r p r o b l e m in p r o c e s s i n g U fuels n o n r e m o t e l y is the 
p e n e t r a t i n g r a d i a t i o n h a z a r d to o p e r a t i n g p e r s o n n e l . R e s i d u a l ^^^U i m 
p u r i t y , w h o s e d a u g h t e r p r o d u c t s p r o d u c e s ign i f ican t be t a and g a m m a 
r a d i a t i o n , i s r e s p o n s i b l e for the r a d i a t i o n h a z a r d . 

Six ^U02 fuel e l e m e n t s w e r e f a b r i c a t e d by loading of 3.5 kg of 
g r a n u l e s . The f a b r i c a t i o n of the e l e m e n t s was done in two m a i n p h a s e s : 
g r a n u l e p r e p a r a t i o n , and load ing , weld ing , and t e s t i n g . G r a n u l e p r e p a r a 
t ion was the m o s t t i m e - c o n s u m i n g and thus p r o v i d e d the g r e a t e s t r a d i 
a t ion h a z a r d . S ince th i s o p e r a t i o n took p l ace m a i n l y in one g lovebox, it 
w a s conven i en t to use loca l sh ie ld ing to r e d u c e the r a d i a t i o n leve l to 
t o l e r a b l e l e v e l s . An l / 8 - i n . - t h i c k lead shee t with a 1 /4- in . l eaded g l a s s 





viewport was hung on the face of this glovebox. Further shielding was ob
tained by using leaded gloves. Even though this batch of "^U02 contained 
only 4 ppm of ^^^U, the radiation levels were still substantial. The pr imary 
radiation of 1.3 R through the container vessel was reduced to 90 mrem 
through the lead sheet, to 55 m r e m through the viewport, and to 80 mrem 
through the leaded gloves. Local shielding, around the mater ia l , reduced 
the radiation level further to 20 m r e m through the lead, and 18 mrem 
through the glass . An additional precautionary measure was the use of a 
leaded apron. 

To monitor the personnel radiation dosage, film badges were worn 
above the eyes and on the fingers and wr is t s . The normal whole-body dose 
was monitored by a badge worn on the shirt pocket. The permiss ible ra
diation levels were 100 m r e m to the eyes, 200 mrem to the body, and 
1.0 rem to the extremit ies per 40-hr work week. In a few isolated cases , 
these levels were modestly exceeded for the eye badge and the whole-body 
badge. 

RESULTS 

Twenty-one different firing runs (see Table I) were made as follows: 
nine with plutonia, nine with mixed oxide, and three with ^^^U02. There was 
a sufficient number of runs so that a statistical analysis could be made for 
the plutonia data, the ^^U02 data, and the mixed-oxide data. The average 
values (X) and standard deviations (o) for these mater ia ls are summarized 
for each compound and mixture in Table I. The variation in the data for 
the nonblended compounds represents sampling and analytical e r ro r , 
whereas the blended mater ia l additionally includes e r ro r due to nonhomo-
geneity or imperfect blending. 

The analyses of PUO2 provided by Isochem, Inc. showed a standard 
deviation of 0.29 in the plutonium content between batches. The ANL 
analyses of firing batches show, in Table I, a standard deviation of 0.32 
in plutonium content. The agreement between these two figures indicates 
that all of the 100% PUO2 elements may be treated as a single composition, 
with 95% confidence, of 88.25 ± 0.64% plutonium. A s imilar analysis of 
'̂̂ U in fired granules showed a standard deviation of 0.27 in uranium con

tent between batches. This establishes 95% confidence in uranium content 
of 87.65 ± 0.54 for all elements containing ^^^U. 

The variation in analyses for plutonium in PUO2 and uranium in UO2 
indicates that analytical e r ro r and batch-to-batch variations introduce a 
standard deviation of about 0.3% of the metal content. If the assumption is 
made that this e r ro r is consistent, one may assign a deviation due to in
homogeneity and blending e r r o r s in the blended elements. The total va r i 
ance in analyses for a blend (o?) is assumed to consist of analytical e r r o r 





(o^) and variations due to inhomogeneity (a^); i.e., ai = oi + at- Then, 
the standard deviations of rrietal composition due to inhomogeneity (au) are 
determined as Oj, ='s/al - a\. Table II shows the total standard deviation, 
the standard due to analytical e r ro r , and the calculated standard deviation 
due to inhomogeneity for all firing batches encapsulated in the Doppler e le
ments described. 

Firing 
Batch Ha. 

I 

2 

3 

i 

5 

6 

7 

8 

9 

P 
X 
0 

10 

11 

12 

13 

n 
X 
0 

Id 

TABLE 

Analytical Result 

Plutonium 

-

88.7d 
88.60 
88.23 

87.97 
87.81 

88.18 
83.24 

-
7 

88.25 
0.32 

40.36 
40.61 

45.46 
45.37 
45,09 
44.87 

43.18 
43.00 
43.23 
43.44 
10 
43,46 

1.84 

10.98 
10.86 
10.98 
10.92 

Uranium 

45.90 
45.86 

42.47 
42.23 
42.36 
42.29 

43-74 
43.68 
43.67 
43.87 
10 
43.61 

1.37 

76.33 
76.30 
76.36 
76.20 

. Results of Analytical Chemistry and Statistical Analysis 

Oxygen 

11.36 

11.39 

10.92 
10.97 

11.40 
11.36 

11.32 
11.22 

11.50 
11.48 

11.48 
11.40 

11.45 
11.46 

11.30 
11.35 
16 
11.33 
0.17 

10.29 
12.84 

11.47 
11.51 

11.75 
11.37 

11.34 
11.46 

' 8 
11.50 
0.17 

11.47 7 
11.70 

Elemental 
Ratios 

(Pu O/M 

3 1.92 

• 

.00 1.97 

1 

10 2.00 

1 
i T 

special Materials 
Batch Identity 

S026-5-1 

S026-5-6 

S026-5-7 

S026-5-38 

S026-5-43 

S026-5-44 

S026-5-46 

S026-5-47 

S026-5-48 

1-61-8-1711/A 
S026-5-4 

2-61-8-1711/A 
S026-5-4 

1-61-8-1711/B 
S026-5-17 

2-61-8-1711/8 
S026-5-17 

lA-61-8-1701 
SO26-5-40 

Firing 
Batch Mo. 

15 

16 

n 

X 
0 

17 

X 
0 

18 

n 
X 
0 

19 

20 

21 

n 
X 

" 

of Fired Granules (or )oppler Capsules 

Analytical Results 

PluloniuFD 

10,78 
10.80 
10.77 
10.75 

10.49 
10.63 
10.59 
10.66 
12 
10.77 
0.15 

28.79 
28.78 
28.95 
28.81 
4 

28.83 
0.08 

58.64 
58.47 
58.52 
58.28 
4 

58.48 
0.15 

« 

Elemental 
Ratios 

Uranium Oxygen U/Pu O/M 

76-40 
76.20 
76.41 
76.30 

75.61 
75.88 
75.78 
75.55 
12 
76,11 
0.32 

57.77 
57.58 
58.01 
57.76 
4 

57.78 
0.18 

29,26 
29,10 
29,12 
29-21 
4 

29,17 
0,08 

87,90 
87.86 
87,76 
87,87 
87,90 

87,57 
87,42 
87-90 
87,37 

87,60 
87,02 
87,51 
87.76 
13 
87.65 
0-27 

11,72 7,10 2.00 
11,71 

11,73 

5 
11,67 
0,17 

11.53 2,01 1-98 
11,48 

2 
11,51 

1 I 
11-22 0,50 1,91 
11,18 

, 2 
11.20 

, , 

CO 2.06 

12.20 
12.31 
12,50 

12,29 

12,20 
12,57 
12,60 

' 7 
12.38 

0,17 

' 

Special Materials 
Batch Identity 

lB-61-8-1701 
SO26-5-40 

lC-61-8-1701 
SO26-5-40 

61-8-1702 
SO26-5-40 

61-8-1703 
SO26-5-40 

SSNDFC-2-1 
SSNDFC-2-3 

SSNDFC-2-6 
SSNDFC-2-7 

SSNDFC-2-8 
SSNDFC-2-9 

TABLE I I . Error Analysis ol Fired Granule Compositions 

lOm PuO; 

1 U02:2 PuOj 

1 UOjrl Pu02 

2 UO2 1 PuO; 

7 U02:l PuO^ 

IIOTUO2 

X 

88.25 

58.48 

43,46 

28.82 

10.77 

0 

Pluton 

»1 

0.32 

015 

1.84 

0.08 

0,15 

urn 

"a 

0.32 

0.21 

0,16 

o.u 
0-04 

"h 

0 

1,83 

0 

0.14 

X 

0 

29.17 

43,61 

57-78 

76-11 

87,65 

Ura 

"t 

0.08 

1,37 

0.18 

0.32 

0,27 

iuir 

t'a 

0,09 

0,13 

0.18 

0,23 

0.27 

"h 

0 

1,36 

0 

0,22 

Oxygen 

X 0 

Average 
Ratios 

a 'J:Pu 

11,33 0,17 0 

11.20 

11,50 

11,51 

11,67 

12,38 

0,50 

1,00 

2,01 

7,10 

CO 

OM 

1,92 

1,91 

1,97 

1,98 

2,00 

2,06 
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Table II permits one to establish confidence limits for the metal 
contained in all Doppler capsules of a part icular composition. In the event 
that each capsule must be treated individually, Table III presents complete 
loading data for each Doppler capsule, and lists the amount of mater ia l and 
the source firing batch number for each capsule. Part ic le densities were 
obtained by the pycnometer method using bromobenezene as the fluid. The 
theoretical density is calculated on the basis of the isotopic content of the 
nnaterial and the type of mater ia l , whether it is urania, plutonia, or a blend. 
The fuel density is the weight of mater ia l divided by the volume of each 
fuel element, the packing efficiency is the parameter that shows the per
centage of the total fuel cavity occupied by the par t ic les . The packing ef
ficiency depends mainly on the particle size and shape and is not dependent 
on part icle density, so that it is the most reproducible fuel loading number 
from capsule- to-capsule . The packing efficiency varied from 54.5 to 62.6%, 
as expected, for one size fraction varying in size from 50 to 100 mesh. 

TABLE III, Loading Data for Oxide Particles in Doppler t^psules 

Capsule 

Con 

Number PUO2, % 

INV-1* 100 

2* 
33 
4s 

INC-1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 1 
12 6 
13 5 
14 5 
15 5 
16 5 
17 5 

INV-5S 5 

INC-26 ' 

INC-IS 
19 
25 

INV-6^ 

INC-20 
21 
22 
23 
24 

7 
0 
fl 
0 
0 
0 

€ 

3 

2.5 
2.5 
2.5 

0 

0 

' 

:ents 

UOj. » 

0 

33 
50 
50 
50 
50 
50 

50 

67 

87.5 
87.5 
87.5 

100 ^ " U 0 2 

100 ™ U 0 7 

' 

ID, in 

1 
1 
1 
1 

1 
1 
1 
1 
1 

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1 
1 
1 

1/2 
1/2 
1/2 

1 

1 

1 
1 

1/2 

1 

1 
1/2 

1 ! 

Jacket 

Material 

Invar 

1 

|( 
Inconel 

Invar 

Inconel 

' 
Invar 

Inconel 

Type 

Sliding Seal 

' 
Spring Loaded 

Sliding Seal 

Spring Loaded 

1 
i 

Sliding Seal 

Spring Loaded 

1 

1 t 

Weight, 

9 

658 
1067 
1059 
965 

1066 
1066 
1012 
1023 
1041 
239 
243 
239 
239 
240 
240 

1006 
976 

1003 
221 
223 
228 

970 

1065 

1028 
1079 
221 

914 

937 
203 
204 
215 
212 

Load 

Packing 
Efliclency, 

% 

58.1 

57.9 
58.8 
56.6 
57,3 
57,7 
62.3 
62.6 
61.6 
61.1 
60.8 
61.5 
56.6 
51,5 
56,0 
55,4 
55,7 
56,9 

58,6 

59.1 

57,5 
59,9 
55,8 

54,7 

56,3 
55,0 
55.0 
57.2 
55.5 

ng 

Fuel 
Density. 

g/cc 

6.15 

619 
623 
6,03 
610 
6,20 
651 
6,55 
6,44 
6,46 
6,43 
6,52 
5,93 
5,80 
5,95 
5,91 
5.95 
6.10 

6,23 

632 

610 
6,37 
5,91 

5,78 

5,60 
5,46 
5.50 
5,78 
5.68 

Ttieoretical 
Density. 

% 

53.7 

51.2 
54.3 
52,6 
53,3 
54,1 
56,8 
571 
56,2 
56,5 
56,0 
56,8 
52,6 
51,7 

53,1 
52,8 
53,1 
54,3 

55,6 

56,8 

55,3 
57,8 
53,7 

53,8 

52,1 
50.8 
51.2 
53.8 
52.8 

Firing Batcti No., wt 

-3, 953 9; 7, 12 g 

7. 947 g; 8. 119 g 
8, 772 9; 6, 294 g 
9, 178 g; 1, 834 g 
1, 49 g; 5, 954 g; 4. 20 9 

4, 916 g; 2, 125 g 
6, 239 g 
6, 243 g 
6, 199 g; 9, 40 g 
9. 239 g 
9, 240 g 
9, 240 g 
18, 1006 g 
11. 956 g-, 10, 20 g 
12. 865 g; 10, 138 g 
10. 221 g 
10. 223 g 
10. 228 g 

10 26 g^ 13, 944 g 

17. 1065 g 

14, 450 g; 15. 578 9 
14, 79 g: 15. 40 g; 16. 960 
14, 221 g 

19, 914 g 

19. 185 9; 20, 752 g 
20, 203 9 
20. 189 g; 21, 15 g 
21, 215 g 
21, 212 g 

g 

a0.041-in. wall and 0.400-in.-thick sintered disk; all the other elements had a 0.0195-in. wall and a 0.070-ln.-thick sintered disk. 
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